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The extracellular signals encoded by the Wnt family of genes regulate growth and differentiation in several developmental
processes in both vertebrates and invertebrates. Genetic studies of the signaling pathway of the Drosophila Wnt homologue,
Wingless, have identi®ed a number of genes, including zeste white 3, which function to transduce the Wingless signal.
zeste white 3 encodes a serine/threonine kinase. We have previously proposed that the Wingless signal is mediated by
repression of this kinase activity [E. Siegfried, E. L. Wilder, and N. Perrimon (1994) Nature 367, 76±80]. Here we have
tested this hypothesis by overexpressing zeste white 3 in a tissue-speci®c fashion using the UAS/GAL4 binary expression
system. We demonstrate that elevated levels of zeste white 3 in the ectoderm and mesoderm result in phenotypes that
resemble a loss of wingless. Overexpression of zeste white 3 in the mesoderm disrupts several Wingless-dependent processes
including the speci®cation of a unique cell type in the larval midgut, the formation of the second midgut constriction, and
the expression of Wingless target genes Ultrabithorax and decapentaplegic in the mesoderm and labial in the endoderm.
Zeste white 3 regulates the stability of Armadillo which is essential for transducing the Wingless signal to the nucleus.
We show that zeste white 3 overexpression blocks Wingless signaling through the modulation of Armadillo since expression
of a constitutively active form of Armadillo, which is independent of Zeste white 3 regulation, is epistatic to overexpression
of zeste white 3. q 1998 Academic Press
INTRODUCTION biochemical analyses have identi®ed components of Wg sig-
naling and suggested a model for how the Wg signal is trans-
duced from the cell surface to the nucleus (Perrimon, 1996).Cell communication is essential for the development of
Wg protein is secreted and can be detected a few cellall multicellular organisms. Extracellular growth factors,
diameters away from a wg-expressing cell (Gonzalez et al.,and the signaling cascades they initiate, are often the mech-
1991; van den Heuvel et al., 1989). A putative receptor foranisms employed during intercellular communication. One
Wg has been identi®ed as the product of the Dfrizzled2 geneexample of an extracellular signal which is critical for the
which encodes a transmembrane serpentine protein (Bhanotdevelopment of both invertebrate and vertebrate embryos
et al., 1996). Expression of this gene causes cells to becomeis the Wnt family of molecules. The Wnt genes encode a
responsive to extracellular Wg and promotes the binding oflarge family of secreted glycoproteins that regulate growth,
Wg to the cell surface. Mutational analyses have identi®eddifferentiation, and patterning (Moon et al., 1997; Nusse
a number of maternally expressed genes which participateand Varmus, 1992). The best studied Drosophila Wnt is
in Wg signaling including dishevelled (dsh) which encodeswingless (wg), which is required for a number of develop-
a novel protein (Klingensmith et al., 1994; Theisen et al.,mental processes in embryonic and adult tissues (Siegfried
1994), zeste white 3/shaggy (zw3) which encodes the Dro-and Perrimon, 1994). The precise molecular mechanism of
sophila homologue of glycogen synthase kinase 3b (GSK-Wnt signaling has not been determined, but genetic and
3b) (Bourouis et al., 1990; Ruel et al., 1993a; Siegfried et
al., 1990, 1992), and armadillo (arm) which is a b-catenin
homologue, a multifunctional protein involved in cell adhe-1 Present address: Graduate Program in Cell and Molecular Biol-
sion and signaling (Miller and Moon, 1996; Peifer and Bejso-ogy, Hershey Medical Center, Box #850 HMC, Hershey, PA 17033.
vec, 1992; Peifer et al., 1991; Peifer and Wieschaus, 1990;2 To whom correspondence should be addressed. Fax: (814) 865-
9131. E-mail: exs19@psu.edu. Riggleman et al., 1989). All three are cytoplasmic compo-
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nents of Wg signaling, and genetic epistasis experiments 1994). However, Wg signaling is essential in other germ
layers of the embryo, and later in the life cycle it is neces-have determined the order of these gene products in a linear
pathway (Noordermeer et al., 1994; Peifer et al., 1994a; Sieg- sary for regulating growth and patterning in imaginal discs
(Siegfried and Perrimon, 1994). Wg signaling also mediatesfried et al., 1994). Based on these genetic experiments we
have previously proposed that Wg signaling is mediated interactions between two germ layers in the developing em-
bryonic midgut. This tissue arises from the visceral meso-through Dsh, which indirectly inactivates Zw3 kinase,
which in turn regulates the stability and activity of Arm derm and the underlying endodermal epithelium. At the
time of midgut formation, the mesoderm is segmented and(Siegfried et al., 1992, 1994). Wg signaling inactivates Zw3
kinase activity and allows for the stabilization and accumu- each parasegment is demarcated by non-overlapping do-
mains of homeotic gene expression (Reuter et al., 1990;lation of Arm (Orsulic and Peifer, 1996; Pai et al., 1997;
Peifer et al., 1994a, b; Siegfried et al., 1994; van Leeuwen Tremml and Bienz, 1989). In contrast, the endodermal cell
layer, which comes to lie below the visceral mesoderm,et al., 1994).
The mechanism of Wnt signaling in vertebrates appears shows no initial signs of homeotic gene expression or seg-
mentation. Induction by the visceral mesoderm is requiredremarkably similar to Wg signaling in Drosophila (Moon et
al., 1997). This similarity has been tested in Xenopus em- for correct patterning of the endoderm and correct differen-
tiation of the midgut epithelium (Bienz, 1994). Ultimately,bryos where Wnt signaling has been shown to be involved
in the establishment of the dorsal±ventral axis. Ectopic in- these two tissues will coordinate during the development
of the midgut and will undergo three speci®c morphologicaljection of Wnt mRNA can induce a secondary axis (Cui
et al., 1995; Smith and Harland, 1991; Sokol et al., 1991). constrictions to form a four-chambered structure. This in-
duction is mediated by Wg and Decapentaplegic (Dpp)Injection of mRNAs encoding the Xenopus homologues of
Dsh (Rothbacher et al., 1995; Sokol et al., 1995), b-catenin which are expressed in segmentally restricted domains in
the visceral mesoderm. dpp and wg expressions in the meso-(Funayama et al., 1995), and a dominant negative form of
GSK-3b (Dominguez et al., 1995; He et al., 1995; Pierce derm are speci®ed by two homeotic genes, Ultrabithorax
(Ubx) and abdominal-A (abd-A), respectively (see Fig. 2A).and Kimelman, 1995) all mimic the axis-inducing ability
of Wnts. In Xenopus, b-catenin was shown to be the link Wg and Dpp then signal to the underlying endoderm, con-
trolling the expression of the homeotic gene labial in thebetween the cytoplasm and nucleus through its accumula-
tion and association with the HMG-box transcription factor midgut epithelium and the formation of the central midgut
constriction (Immergluck et al., 1990; Panganiban et al.,Tcf-3/Lef-1 in the establishment of dorsal±ventral pat-
terning (Behrens et al., 1996; Molenaar et al., 1996). In a 1990; Reuter et al., 1990). Dpp is required for labial expres-
sion; whereas Wg acts to re®ne the graded expression ofsimilar fashion, Drosophila Arm is responsible for transduc-
ing the Wg signal from the cytoplasm into the nucleus. Arm labial. In addition to Wg signaling across germ layers, Wg
signaling within the mesoderm is required to maintain ex-interacts with D-TCF or Pangolin, the Drosophila homo-
logue of Tcf-3/Lef-1, and its translocation into the nucleus pression of Ubx and dpp in the adjacent parasegment (Thur-
inger and Bienz, 1993; Thuringer et al., 1993; Yu et al.,leads to changes in gene expression (Brunner et al., 1997;
Riese et al., 1997; van de Wetering et al., 1997). Stabilization 1996).
Wg signaling in the embryonic midgut is distinct fromof vertebrate b-catenin is regulated through interactions
with GSK-3b and the product of the tumor suppresser gene signaling in the embryonic epidermis because it occurs
within and between germ layers. However, Wg signaling inadenomatous polyposis coli (Rubinfeld et al., 1996; Yost et
al., 1996). Mutant forms of b-catenin which contain dele- the midgut is mediated through the same pathway that has
been identi®ed in epidermal tissue (Yu et al., 1996). A keytions or substitutions of GSK-3b phosphorylation sites are
more stable and have greater activity (Yost et al., 1996). component of Wg signaling is Zw3 kinase. It has been pro-
posed that the Wg signal is transduced by the repression ofSimilarly, an amino-terminal deletion of Arm is more stable
and acts as a constitutively active form of the protein, inde- Zw3, leading to the accumulation and nuclear translocation
of Arm. In Drosophila, there has been no direct test of thependent of Zw3 regulation. Normally, Arm protein is stabi-
lized and accumulates due to the Wg-dependent repression hypothesis that Wg signaling is mediated by Zw3 repres-
sion. Here we test this hypothesis by directing high levelsof Zw3 kinase activity. How Wg signaling downregulates
Zw3 is unclear, but in a heterologous cell culture system of expression of wild-type Zw3 in the ectoderm and meso-
derm. We demonstrate that high levels of zw3 expressionit has been demonstrated that Wg can inactivate GSK-3b
through a protein kinase C (Cook et al., 1996). Given the in the mesoderm can block Wg signaling in that tissue and
result in a phenotype that is similar to a loss of wg itself.extent of homology between GSK-3b and Zw3 it is likely
that the mechanisms of regulation will be similar; therefore,
elucidating the regulation of Drosophila Zw3 will contrib- MATERIALS AND METHODS
ute to our understanding of Wnt signaling in vertebrates.
Drosophila StocksWg signaling in Drosophila has been most intensively
studied in the establishment of segmental polarity in the All stocks were maintained on standard cornmeal agar media.
The 24B- and 69B-GAL4-expressing lines are described in Brandembryonic epidermis (DiNardo et al., 1994; Perrimon,
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and Perrimon (1993). The daughterless-GAL4 (da-GAL4)-express- embryos (null, paternally rescued, and UAS/GAL4 rescued mutant
embryos) are 25, 25, and 50%, respectively. Forty-three percenting line is described in Wodarz et al. (1995). UAS-wg (kindly pro-
vided by Dr. A. Bejsovec) is described in Hays et al. (1997) and (116/267) of the total embryos examined showed a restored cuticle
pattern that is almost wild type. This is close to the expected fre-UAS-armS10 (kindly provided by Dr. M. Peifer) is described in Pai
et al. (1997). wgIL114/CyO and wgcx4/SM1, P[ftz-lac Z] lines were quency of 50% and may be lower due to the variability in the
expression of 69B-GAL4. This restored cuticle pattern is strictlyused to collect wg mutant embryos.
We examined embryos mutant for two different wg alleles: dependent on UAS-zw3 and we never see this phenotype in em-
bryos derived from zw3 mutant GLC, 69B-GAL4// females matedwgIL114 which is a temperature-sensitive allele (Nusslein-Volhard
et al., 1984; Bejsovec and Martinez Arias, 1991) and wgcx4 which to wild-type males.
is a null allele (Baker, 1987). Embryos mutant for wgIL114 were col-
lected at 187C (the permissive temperature) for 6 h, aged an addi-
Cuticle Preparationstional 8 h at 187C, and shifted to 297C (the nonpermissive tempera-
ture) for 8±9 h before ®xing.
Cuticles were prepared for analysis as previously described (Sieg-
To construct UAS-zw3 transgenic strains, a 2.9-kb EcoRI±NotI
fried et al., 1992). Viability counts and the lethal phase were deter-
fragment (derived from recombinant plasmid hs-zw3-A) encoding
mined for UAS-zw310A/24B-GAL4, UAS-zw312A/24B-GAL4, and
the complete cDNA expressed both maternally and zygotically
UAS-zw310A12A/24B-GAL4 individuals at both 25 and 297C. Cu-
(Siegfried et al., 1992) was cloned into the pUAST vector (Brand
ticles were viewed and photographed under dark ®eld using a Zeiss
and Perrimon, 1993). Transgenic lines containing this construct
Axiophot microscope. Images were captured on Kodak T-MAX 100
were generated by P-element-mediated transformation using the
black and white ®lm. The negatives were scanned and digitized
stock yw; D2-3 Sb/TM6, Ubx (Robertson et al., 1988) according
with a Polaroid SprintScan 35 slide scanner using Adobe Photoshop
to standard procedures (Spradling, 1986). Six independent sites of
(v2.5) software. Composites were constructed and annotated using
insertion were established (referred to as 2, 4A, 7, 10A, 12A, and
Adobe Illustrator (v6.0) software.
13A). Two lines, UAS-zw310A and UAS-zw312A, were chosen for
further study; both lines are homozygously viable on the second
chromosome. A recombinant chromosome (UAS-zw310A12A) was Larval Gut Analysis
created that carried the two insertions 10A and 12A. This recombi-
nant was determined by eye color. Larval guts were stained with TRITC-phalloidin (Molecular
Probes) to reveal the prominent F-actin staining of the brush bor-
ders in the copper cells as described in Lee et al. (1993). Brie¯y,
UAS-zw310A12A/69B-GAL4 Rescue of zw3 Mutant guts from ®rst-instar larvae of the appropriate genotype were dis-
sected and ®xed for 15 min in 2% formaldehyde in PBS. The tissuePhenotype
was blocked in 2% normal goat serum±0.5% Triton X-100 in PBS
Females of the genotype zw3M1101 FRT101/FM7; ///; 69B-GAL4/ for 30 min and incubated in TRITC-phalloidin for 1 h to overnight
69B-GAL4 were used to generate mosaic germ lines by the FLP± at 257C in the dark. Immuno¯uorescent images were acquired on
DFS technique (Chou and Perrimon, 1992) as described in Siegfried an Olympus BX50 microscope with a Dage MTI CCD72T camera
et al. (1992). These females were mated to ovoD1 FRT101/Y; FLP38/ and Dage DSP 2000 signal processor, using a Macintosh 8100/80AV
FLP38 males. The progeny of this cross were heat shocked at 377C equipped with a DT2255 frame grabber and NIH Image (v1.55) soft-
for 2 h during the third-instar larval stage to induce FLP-directed ware. Images were contrast stretched using Adobe Photoshop (v2.5).
recombination. Virgin females containing mosaic zw3 germ lines Nomarski images were acquired on a Zeiss Axiophot microscope
(germ line clones, GLC), as well as one copy of the 69B-GAL4 using Kodak Royal Gold ASA 25 color-print ®lm. Prints were
chromosome, were recovered and mated to either wild-type (Ore- scanned and digitized with an Epson Expression 636 scanner using
gon-R) or homozygous UAS-zw310A12A males. Adobe Photoshop (v2.5) software. Composites were constructed
zw3 mutant GLC females, heterozygous for 69B-GAL4, mated and annotated using Adobe Illustrator (v6.0) software.
to wild-type males give rise to two classes of embryos: null mutant
embryos (zw3/Y) which have neither a maternal nor zygotic zw3
gene product and paternally rescued mutant embryos which have Immunohistochemical Staining of Whole-Mount
no maternal product but express zw3 zygotically from the pater- Embryos
nally inherited gene (zw3//). The two classes are distinguishable
by the cuticle phenotype; null mutant embryos are completely Embryos were collected on molasses±agar plates at 297C for ap-
proximately 5.5 h and then aged at 297C for7 h to ensure that thenaked and paternally rescued embryos have sparse denticles (Sieg-
fried et al., 1992). When we examined embryos derived from zw3 collection would contain a large number of stage 13±16 embryos.
Immunostaining was performed as previously described (Siegfriedmutant GLC, 69B-GAL4// females mated to homozygous UAS-
zw310A12A males we observed three classes of mutant embryos: et al., 1992). All embryos were dechorionated in 50% bleach and
then ®xed in a 1:1 solution of 4% formaldehyde in PBS: heptanecompletely naked, sparse denticles, and almost wild-type pattern
of denticles. We assume that the completely naked embryos are for 15 min. After removing the vitelline membrane in a 1:1 mixture
of methanol:heptane, the embryos were rinsed and stored in metha-null mutant embryos of the genotype zw3/Y; UAS-zw310A12A//;
///; the embryos with few denticles are paternally rescued mutant nol at 47C until used. A monoclonal antibody (mAb) directed
against Drosophila myosin heavy chain (Kiehart, personal commu-embryos of the genotype zw3//; UAS-zw310A12A//; ///; and
the embryos with restored segmental patterning are UAS/GAL4 nication) was used at a dilution of 1:1000. Partially puri®ed anti-
Ubx mAb was used at a dilution of 1:100 (White and Wilcox, 1984),rescued mutant embryos of the genotypes zw3/Y; UAS-
zw310A12A//; 69B-GAL4// and zw3//; UAS-zw310A12A//; af®nity-puri®ed rabbit anti-Dpp at a dilution of 1:100 (Panganiban
et al., 1990), and af®nity-puri®ed rabbit anti-Labial at a dilution of69B-GAL4//. The expected frequencies for these three classes of
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1:300 (Diederich et al., 1989). Incubation of embryos with primary high levels of expression of zw3 (Brand and Perrimon, 1993).
antibody was done overnight at room temperature. After washing The wild-type zw3 cDNA was placed under transcriptional
in 11 PBS, embryos were incubated in biotinylated secondary anti- control of the yeast GAL4 upstream activating sequence
bodies (Vector Laboratories) at a dilution of 1:500 for 2±3 h at room (UAS, see Materials and Methods). UAS-zw3 ¯ies were
temperature and detected with the Vectastain Elite ABC kit (Vector mated to ¯ies which express the yeast transcriptional acti-
Laboratories). Embryos were dehydrated in ethanol, cleared, and
vator GAL4 in a cell- or tissue-speci®c fashion to drivemounted in methyl salicylate. Immunostained embryos were pho-
chronic expression of zw3.tographed under Nomarski optics with a Zeiss Axiophot micro-
First we wanted to ensure that we were producing wild-scope using Kodak Royal Gold ASA 25 color-print ®lm. Prints were
type Zw3 protein using the GAL4/UAS expression system.scanned and digitized with an Epson Expression 636 scanner using
Adobe Photoshop (v2.5) software. Composites were constructed To do this we attempted to restore wild-type patterning to
and annotated using Adobe Illustrator (v6.0) software. zw3 mutant embryos by driving UAS-zw3 expression with
a GAL4 line, 69B-GAL4, which expresses GAL4 uniformly
and exclusively in the ectoderm (Brand and Perrimon, 1993;
Labial Counts Baylies et al., 1995; Staehling-Hampton et al., 1994). zw3
mutant embryos derived from females which have homozy-Wild-type and UAS-zw310A12A/24B-GAL4 embryos near the
gous zw3 mutant clones in the germline (zw3 GLC females,completion of midgut development (midstage 15) were examined
see Materials and Methods) exhibit a striking ``naked'' phe-under high magni®cation in the lateral orientation and scored for
the number of nuclei immunostained for Labial. Only nuclei di- notype; the ventral cuticle is largely devoid of denticles.
rectly adjacent to the area of the second midgut constriction were There are two classes of zw3 mutant embryos: null mutant
scored. All of the mutant embryos scored lacked the second midgut embryos which lack maternal and zygotic zw3 and so-called
constriction. The results of three representative embyros of each paternally rescued mutant embryos which express zw3 zy-
genotype are wild type, 21, 22, and 22 nuclei; and UAS-zw3 gotically from the paternally inherited gene. zw3 null mu-
10A12A/24B-GAL4, 12, 13, and 15 nuclei. On average, this repre-
tant embryos are completely naked, whereas the paternallysents a 39% decrease in nuclei expressing Labial at the position of
rescued embryos have a less severe phenotype and secretethe second constriction in embryos of the genotype UAS-
some denticles (Siegfried et al., 1992; Figs. 1F and 1G). zw3zw310A12 position of the A/24B-GAL4.
GLC females carrying an insertion of 69B-GAL4 were mated
to UAS-zw310A12A homozygous males, and the resulting
embryos were collected and examined for cuticle patterningRESULTS
defects. To ensure the highest levels of UAS-zw3 expres-
sion, we used a recombinant line which carries two inser-Overexpression of zw3 Causes Epidermal
tions of UAS-zw3 on the second chromosome and per-Patterning Defects
formed the experiments at 297C. The elevated temperature
appears to enhance the transcriptional activation by GAL4To investigate the regulation of Zw3 in Wg signaling we
examined the results of zw3 overexpression in the devel- in Drosophila (Johnson et al., 1995; Wilder and Perrimon,
1995). All the embryos derived from this cross lack theoping embryo. zw3 is expressed maternally and uniformly
in the early embryo (Bourouis et al., 1990; Siegfried et al., maternal zw3 product (as described above) and one-half have
the UAS-zw310A12A and 69B-GAL4 insertions; therefore,1990). Removal of the wild-type maternal product results
in embryonic lethality and patterning defects in the epider- if ectoderm expression of UAS-zw3 is suf®cient to rescue
the zw3 mutant phenotype we would expect to see wild-mis and midgut, indicative of the role of zw3 in the Wg
signaling pathway (Siegfried et al., 1992; Yu et al., 1996). type cuticle patterns in approximately 50% of the embryos.
In fact, 43% of the zw3 mutant embryos derived from zw3;zw3 encodes multiple transcripts that arise by differential
splicing, and all the transcripts are expressed uniformly in 69B-GAL4 GLC females mated to homozygous UAS-
zw310A12A males have the segmental pattern of denticlesembryonic and larval stages (Bourouis et al., 1990; Siegfried
et al., 1990). Despite this complex mRNA expression, heter- restored (Fig. 1H). These embryos are rescued to a greater
extent than the paternally rescued embryos and exhibit aologous expression of a single zw3 cDNA can rescue all
aspects of the zw3 mutant phenotype, both the maternal distinct cuticle phenotype that we never see in mutant em-
bryos derived from zw3; 69B-GAL4 GLC females mated toeffect embryonic lethality and the zygotic larval lethality
(Ruel et al., 1993b; Siegfried et al., 1992). Wg-mediated regu- wild-type males. These results demonstrate that 69B-
GAL4-driven expression of UAS-zw3 is suf®cient to restorelation of Zw3 is likely to occur posttranscriptionally since
zw3 is expressed maternally and uniformly. Expression of segmental patterning and indicates that this heterologous
expression of zw3 is producing normal protein with wild-a zw3 cDNA driven by the heat shock protein 70 promoter,
in an otherwise wild-type background, has no deleterious type activity.
Having established that we were in fact producing wild-effects (Siegfried et al., 1992; unpublished results). A more
stringent test would be to examine the consequence of per- type Zw3 protein from our UAS-zw3 lines, we proceeded
to investigate the effects of zw3 overexpression during em-sistent ectopic expression of zw3. To achieve this we used
the GAL4/UAS binary expression system to drive prolonged bryogenesis. We ®rst examined the effects of zw3 overex-
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TABLE 1pression in the embryonic ectoderm using 69B-GAL4. Em-
Expression of One Copy of UAS-zw3 Using the 24B-GAL4bryos that bear two copies of UAS-zw3 and one copy of
Driver at 257C Causes Larval LethalityGAL4-69B (UAS-zw310A12A; 69B-GAL4) are viable but
have a subtle cuticle phenotype. These embryos have a few
Total number of Survival to thirdextra denticles in the normally naked regions of the ventral
embryos analyzed instar larvae (%)a
cuticle (Figs. 1B and 1D). Similar phenotypes are seen in
embryos where uniform expression of UAS-zw3 is driven by Ore-R 200 100
24B-GAL4 200 98GAL4 under the control of the daughterless (da) promoter
UAS-zw312A 200 99(UAS-zw310A12A; da-GAL4 ) (Figs. 1C and 1E). This is rem-
UAS-zw312A/ 200 0ciniscent of a weak wg mutant phenotype seen with the
24B-GAL4btemperature-sensitive allele of wg when embryos are shifted
to the nonpermissive temperature after 9 1/2 h of embryonic a Percentages re¯ect the numbers of those embryos which sur-
development (Bejsovec and Martinez Arias, 1991). Thus, vived to the larval stage.
zw3 overexpression in the ectoderm appears to interfere b Similar results were obtained with the line UAS-zw310A.
with Wg signaling in establishing the normal segmental c These individuals die as ®rst- or second-instar larvae.
patterning. The effect of zw3 overexpression is weak and
we believe this is due to the late action of the embryonic
GAL4 lines available rather than a failure to express wild-
type protein. to dense microvillar membranes rich in actin (Fig. 2B; Fil-
shie et al., 1971; Hoppler and Bienz, 1994; Lee et al., 1993).
The differentiation of copper cells is regulated by Wg signal-Overexpression of zw3 in the Mesoderm Disrupts ing, and there are two thresholds of Wg signaling whichLarval Copper Cell Development give rise to distinct patterns of cell differentiation (Hoppler
and Bienz, 1995). Loss of wg results in a reduction in theWe used the 24B-GAL4 driver which expresses GAL4
throughout the entire embryonic mesoderm, including the number of copper cells and high levels of ectopic wg expres-
sion repress copper cell fate and result in an expansion ofvisceral mesoderm, to examine the effects of zw3 overex-
pression on the differentiation of the midgut (Brand and the number of adjacent large ¯at cells (Hoppler and Bienz,
1995). Midguts from wild-type and UAS-zw312A/24B-Perrimon, 1993; Michelson, 1994; Staehling-Hampton and
Hoffmann, 1994). Initially we examined the expression of GAL4 ®rst-instar larvae were isolated and stained with
TRITC-phalloidin to highlight the copper cells (Figs. 2B anda single UAS-zw3 insertion under the control of the 24B-
GAL4 driver (UAS-zw312A/24B-GAL4) at 257C; these indi- 2C). In the midguts isolated from larvae overexpressing zw3,
we observed few or no copper cells in the region whereviduals all died as ®rst- or second-instar larvae (Table 1).
These larvae hatch at a normal frequency and survive for copper cells are normally found. Further, we did not observe
copper cells in any other portion of the midgut.2±3 days but lack normal mobility. We believe that the
majority do not molt and most likely die as ®rst-instar lar- We have examined the morphology of the remaining cells
in larvae overexpressing zw3 and compared them to wildvae (data not shown). Since these larvae are dying as a result
of zw3 overexpression in the mesoderm, we examined sev- type (Figs. 2D and 2E). Under Nomarski optics the copper
cells in wild-type larvae are visible as distinct banana-eral mesoderm-derived tissues for abnormalities. The so-
matic muscles, midgut, and fat bodies in late embryos of shaped cells (indicated by the top arrowhead in Fig. 2D);
these are clearly lost in the midguts of zw3-overexpressingthe genotype UAS-zw312A/24B-GAL4 appear super®cially
normal (data not shown). larvae. However, the interstitial cells normally found inter-
spersed with the copper cells are still present, as well asFurther inspection of the differentiation of the larval mid-
gut revealed that it is dramatically affected by zw3 overex- other nondescript cells. This is similar to the phenotypes
observed due to a loss of labial expression or wg expression,pression. Wg signaling is required for the differentiation of
a unique cell type in the larval midgut, the copper cell (Hop- both required for the speci®cation of the copper cells (Hop-
pler and Bienz, 1994; Hoppler and Bienz, 1995). Paradoxi-pler and Bienz, 1994). These cells are located in the central
portion of the midgut and have a distinct appearance due cally, high levels of ectopic wg expression also lead to a loss
FIG. 1. Ectopic expression of zw3 in the epidermis results in cuticle defects and can rescue the zw3 mutant phenotype. Dark-®eld
photomicrographs of cuticles of (A) wild-type, (B) UAS-zw310A12A; 69B-GAL4, (C) UAS-zw310A12A; da-GAL4, (F) zw3 null mutant, (G)
zw3 paternally rescued mutant, and (H) zw3 mutant expressing UAS-zw310A12A under the control of 69B-GAL4 embryos. D and E are
higher magni®cation ventral views of UAS-zw310A12A; 69B-GAL4 and UAS-zw310A12A; da-GAL4 embryos, respectively. All embryos
were reared at 297C. Anterior is to the top and ventral is to the left, except in D and E where anterior is to the left. Bracketed area in A
indicates the orientation of one segmental unit on the ventral cuticle. A, anterior. P, posterior.
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TABLE 2 zw310A12A/24B-GAL4 individuals that survived to larval
Expression of Two Copies of UAS-zw3 Using the 24B-GAL4 stages were dissected to isolate the midguts and stained
Driver at 297C Shifts the Lethal Phase from Larval to Embryonic with TRITC-phalloidin to examine copper cell differentia-
tion. As we had seen with mesoderm expression of a single
Temp Total No. No. larvae Hatching UAS-zw3 insertion, expression of two UAS-zw3 insertions
(7C) of embryos hatched (%)a
at 297C blocks copper cell differentiation (data not shown).
Since further enhancement of zw3 expression in theOre-R 25 200 185 93
24B-GAL4 25 100 81 81 mesoderm shifted the lethal phase from larval to embryonic
UAS-zw312A 25 200 192 96 stages, we examined the embryonic midgut for effects on
UAS-zw312A/ 25 330 309 94 Wg-mediated differentiation in these individuals. In the em-
24B-GAL4 bryonic midgut, Wg signaling facilitates the expression of
Ore-R 29 200 188 94 the homeotic gene labial, which pre®gures the larval copper
24B-GAL4 29 200 160 80 cells and is essential for their speci®cation and differentia-
UAS-zw310A12A 29 200 175 88
tion (Hoppler and Bienz, 1994, 1995). In wild-type embryos,UAS-zw310A12A/ 29 200 45 23
Labial protein is detected in the nuclei of endodermal cells24B-GAL4
just anterior to the second midgut constriction in a graded
a Percentages re¯ect the number of larvae hatched out of the total pattern, with more nuclear staining in the cells closest to
number of embryos analyzed, including unfertilized. the constriction (Fig. 3A; Immergluck et al., 1990; Tremml
and Bienz, 1992). In embryos expressing one copy of UAS-
zw3 driven by X24B-GAL4, there is no detectable change
in labial expression (data not shown). However, in embryos
of copper cells due to repression of that cell fate and the expressing two copies of UAS-zw3 driven by 24B-GAL4
expansion of the large ¯at cell fate which normally are (UAS-zw310A12A/24B-GAL4) we observed fewer nuclei
found just posterior to the copper cells (indicated by the stained for Labial protein (Fig. 3B; see Materials and Meth-
bottom arrowhead in Fig. 2D). We do not see an anterior ods). zw3 overexpression in the mesoderm results in the
expansion of ¯at cell fates in the midguts of zw3-overex- reduction of labial expression, in a similar fashion to wg
pressing larvae, indicating that the loss of copper cells is mutant embryos (Fig. 3C). We have examined both wgIL114
due to a loss of labial expression and/or a loss of wg expres- mutant embryos which are shifted to the nonpermissive
sion, rather than ectopic expression of wg. Therefore, we temperature as described under Materials and Methods and
conclude that overexpression of zw3 in the mesoderm wg null mutant embryos (data not shown). In all cases we
blocks the differentiation of larval copper cells. observed identical results for the two alleles; therefore, we
have included the data from the late-shifted wgIL114 mutant
Embryonic Lethality and Altered Midgut embryos and will refer to them as wg mutant embryos
Morphology throughout this study.
The second midgut constriction is often absent or incom-Elevating the level of overexpression of zw3 shifted the
plete in UAS-zw310A12A/24B-GAL4 embryos. During thelethal phase from larval to embryonic stages. We raised
differentiation of the embryonic midgut, three independentUAS-zw310A12A/24B-GAL4 embryos at 297C and under
constrictions occur along the length of the embryo; the mid-these conditions of elevated expression, approximately
dle (second) constriction is the ®rst to appear followed bythree-quarters of the individuals died as embryos, with the
remainder dying as ®rst-instar larvae (Table 2). UAS- the third and ®rst constrictions, respectively (Fig. 3D, Skaer,
FIG. 2. Wg signaling in the visceral mesoderm regulates the development of the embryonic midgut and the differentiation of larval
copper cells. (A) Schematic representation of the pattern of gene expression at the second midgut constriction of the embryonic midgut.
Extracellular signaling both across and within germ layers of the midgut contributes to the formation of the second constriction. The
extracellular signals are encoded by dpp and wg. The expression patterns of these genes are speci®ed by the expression of the homeotic
genes Ubx in PS 7 and abd-A in PS 8, respectively. Dpp and Wg signal to the underlying endoderm to specify labial expression and
ultimately the location of the second midgut constriction. In addition, Wg signaling within the visceral mesoderm maintains the expression
of Ubx and dpp in the adjacent parasegment. PS, parasegment. Wide arrows indicate the targets of Wingless signaling. Thin arrows indicate
other regulatory interactions. Overexpression of zw3 in the mesoderm blocks the speci®cation of copper cells in the larval gut. The
speci®cation, differentiation, and maintenance of these cells are completely dependent on correct Labial expression (Hoppler and Bienz,
1994). Just posterior to the copper cells are the large ¯at cells. The central portion of dissected midguts stained with TRITC-phalloidin
to detect the copper cells from (B) wild-type ®rst-instar larvae and (C) UAS-zw312A/24B-GAL4 ®rst-instar larvae. High magni®cation
Nomarski views of dissected midguts from (D) wild-type ®rst-instar larvae and (E) UAS-zw312A/24B-GAL4 ®rst-instar larvae are shown.
The top arrowhead indicates the distinct banana-shaped copper cells and the bottom arrowhead indicates large ¯at cells. Larvae were
reared at 257C. Anterior is to the left.
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FIG. 3. Overexpression of zw3 in the mesoderm results in a reduction of labial expression and the absence of the second midgut
constriction. Labial immunostaining (A±C) in stage 16 (A) wild-type, (B) UAS-zw310A12A/24B-GAL4, and (C) wgIL114 mutant embryos
shifted to the nonpermissive temperature. Muscle myosin immunostaining (D±F) in stage 16 (D) wild-type, (E) UAS-zw310A12A/24B-
GAL4, and (F) wgIL114 mutant embryos shifted to the nonpermissive temperature. The ®rst midgut constriction is dif®cult to see in this
embryo because it is out of the plane of focus. In wild-type embryos (A) graded nuclear Labial staining can be seen in the endoderm, just
anterior to the second midgut constriction. In zw3-overexpressing embryos and wg mutant embryos there is a reduction in the number
of nuclei stained for Labial (see Materials and Methods) and the second constriction fails to completely form, even though formation of
the third constriction has started. Embryos were reared at 297C. Embryos are oriented anterior to the left, A±C are lateral views with
dorsal up, and B±F are dorsal views. The midgut constrictions are numbered. Embryos in all ®gures were staged according to Campos-
Ortega and Hartenstein (1985).
1993). The constrictions are driven by the mesoderm and ple folds (Yu et al., 1996). During the examination of UAS-
zw310A12A/24B-GAL4 embryos for labial expression weappear as an invagination of both the visceral mesoderm
and the underlying epithelium. The second midgut con- observed that the second midgut constriction failed to form
properly (Fig. 3B). We con®rmed this by immunostainingstriction is dependent on Wg signaling and in wg, dsh, or
arm mutant embryos this constriction does not form (Fig. embryos for myosin heavy chain to highlight the visceral
mesoderm. Embryos with high levels of zw3 expression in3F; Thuringer and Bienz, 1993; Yu et al., 1996). Interest-
ingly, in zw3 mutant embryos the second midgut constric- the mesoderm often failed to form the second midgut con-
striction (Fig. 3E). This is not a general effect of zw3 overex-tion does form but it is abnormal, appearing to have multi-
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8884 / 6x3d$$$101 05-05-98 07:20:57 dbas
227Overexpression of Zeste White 3 Blocks Wingless Signaling
pression on mesoderm differentiation since the ®rst and et al., 1997). This mutant form of Arm, ArmS10, is indepen-
dent of the Wg signal; it is more stable than wild type andthird constrictions do form normally. Thus, zw3 overex-
pression in the mesoderm blocks a Wg-dependent morpho- not subject to regulation by Zw3. Expression of armS10 in
the ectoderm results in expanded engrailed expression andgenetic process in the midgut.
a loss of denticles in the cuticle, similar to the phenotypes
resulting from ubiquitous expression of wg, or a zw3 mutant
High Levels of zw3 Repress the Expression of Two embryo (Pai et al., 1997). We have examined the effects
Wg Target Genes, Ubx and dpp of armS10 expression in the mesoderm by generating UAS-
armS10; 24B-GAL4 embryos.We have demonstrated that overexpression of zw3 in the
mesoderm results in a reduction of labial expression, the We have compared the expression of dpp in UAS-wg/
24B-GAL4, UAS-armS10; 24B-GAL4, and UAS-armS10; UAS-absence of the second midgut constriction, and the failure
to differentiate the copper cells. We believe the reduction zw310A12A/24B-GAL4 embryos (Fig. 5). The expectation
is that ectopic expression of wg and armS10 will produceof labial expression and failure of copper cell differentiation
are indirect results of zw3 overexpression in the mesoderm. similar phenotypes to a zw3 mutant embryo. We speci®-
cally chose to look at dpp expression because it has beenzw3 is cell autonomous, encoding a cytoplasmic kinase
which mediates Wg signaling in the cells receiving the Wg reported that in zw3 mutant embryos dpp expression is
derepressed and greatly expanded anteriorly (Yu et al.,signal. The reduction of labial expression in the endoderm
of UAS-zw310A12A/24B-GAL4 embryos cannot therefore 1996). In addition, in zw3 mutant embryos the ®rst and
third midgut constrictions are absent and the second con-result from a direct repression of Wg signaling by zw3 in
those cells since we are using a mesoderm-speci®c GAL4 striction forms a single large aberrant constriction with
multiple folds. In UAS-armS10; 24B-GAL4 and UAS-wg/to drive zw3 expression. If high levels of Zw3 indeed disrupt
Wg signaling in the mesoderm there should also be reduced 24B-GAL4 embryos we observe expanded dpp expression
and altered constrictions, similar to zw3 mutant embryosexpression of the Wg target genes Ubx and dpp, which sig-
nals across germ layers to regulate the expression of labial (compare Figs. 5C±5F). Mesoderm expression of UAS-wg
or UAS-armS10 results in the complete derepression of dppin the endoderm (see Fig. 2A). Normally, Wg signaling is
required to maintain the correct expression of Ubx in para- expression in the anterior of the midgut. This phenotype is
distinct from the overexpression of zw3 in the mesodermsegment 7 (Thuringer and Bienz, 1993; Yu et al., 1996) and
Ubx in turn directly regulates the expression of dpp in the which results in reduced dpp expression and a failure to
form the second midgut constriction (Fig. 4B). If overex-same parasegment (Capovilla et al., 1994; Sun et al., 1995).
dpp expression is also regulated by Wg signaling in a manner pression of zw3 represses dpp in a Wg-independent fashion,
then simultaneous expression of zw3 and armS10 should re-independent of Ubx (Yu et al., 1996). Thus, we examined
the distribution of both Ubx and Dpp in UAS-zw310A12A/ sult in a phenotype that is a composite of the two effects,
dpp repression and derepression, and should not resemble24B-GAL4 embryos reared at 297C (Figs. 4B and 4E). The
extent of expression of both Ubx and dpp in the visceral the phenotypes due to mesoderm expression of either zw3
or armS10 alone. We simultaneously expressed armS10 andmesoderm is reduced in embryos which overexpress zw3 in
the mesoderm. This is similar to the phenotype of wg mu- zw3 in the mesoderm by generating UAS-armS10; UAS-
zw310A12A/24B-GAL4 embryos. Examination of these em-tant embryos where the expression of Ubx and dpp in the
visceral mesoderm is reduced (Figs. 4C and 4F). These re- bryos reveals that they are similar to UAS-armS10; GAL4-
24B embryos (compare Figs. 5E±5H); dpp is derepressed, thesults demonstrate that overexpression of zw3 downregu-
lates the expression of Ubx and dpp, two Wg targets in the ®rst and third constrictions are missing, and an aberrant
second constriction is formed. Therefore, expression of anvisceral mesoderm. We have also examined the pattern of
wg expression in the midgut of embryos overexpressing zw3 activated form of Arm is epistatic to zw3 overexpression.
and it appears to be identical to wild-type embryos (data
not shown).
DISCUSSION
Expression of Activated Arm Is Epistatic to zw3
Overexpression of zw3 Mimics a Loss of wgOverexpression
We have demonstrated that zw3 overexpression can In the embryonic ectoderm, Wg regulates speci®c cell fate
and overall polarity within each segment. Wg signaling reg-mimic a loss of wg, but we have not distinguished if this
occurs by interfering with the normal Wg signaling pathway ulates engrailed expression in adjacent cells (DiNardo et
al., 1988; Heemskerk et al., 1991; Martinez Arias et al.,or through a parallel pathway. To test this, we have overex-
pressed zw3 simultaneously with an active form of Arm 1988), and stable engrailed expression commits these cells
to the posterior compartment of each segment (Vincent andwhich is independent of Zw3 regulation. A small deletion
of the amino-terminal portion of Arm results in a form of O'Farrell, 1992). The establishment of segment polarity can
be observed in the pattern of the ventral cuticle of the ma-the protein that is constitutively active in Wg signaling (Pai
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FIG. 4. Overexpression of zw3 in the mesoderm results in a reduction of Ubx and dpp expression. Ubx immunostaining (A±C) in
stage 16 (A) wild-type, (B) UAS-zw310A12A/24B-GAL4, and (C) wgIL114 mutant embryos shifted to the nonpermissive temperature. Dpp
immunostaining (D±F) in stage 16 (D) wild-type and (E) UAS-zw310A12A/24B-GAL4 and (F) wgIL114 mutant embryos shifted to the
nonpermissive temperature. In zw3-overexpressing embryos and wg mutant embryos there are very few nuclei stained for Ubx. There is
also a reduction in the number of cells stained for Dpp; notice that in wild type the Dpp staining extends to the ®rst midgut constriction.
In wg mutant and zw3-overexpressing embryos, the staining does not extend that far anteriorly. Embryos were reared at 297C. Embryos
are oriented anterior to the left and dorsal up. The midgut constrictions are numbered.
ture embryo (see Fig. 1A). After establishing segmental po- re¯ecting the late function of Wg in establishing the naked
cuticle and denticle diversity. Our results indicate that highlarity, Wg has a distinct role in patterning of the ventral
cuticle; it is required for secretion of naked cuticle as well as levels of Zw3 interfere with this late phase of Wg signaling
that regulates cuticle patterning and suggest that this phaseestablishment of denticle diversity (Bejsovec and Martinez
Arias, 1991; Dougan and DiNardo, 1992). Wg signaling in of Wg signaling is also mediated through Zw3.
We have used several GAL4 lines to overexpress zw3 inthe embryonic ectoderm is mediated through Zw3 kinase
and it has been proposed that inactivation or repression of the ectoderm, including en-GAL4, ptc-GAL4, and prd-GAL4
(data not shown), and have been unable to generate morethe kinase is the mechanism of signal transduction (Sieg-
fried et al., 1992). Here we demonstrate that overexpression severe phenotypes than those reported here. We believe that
this is due to the expression pro®les of the GAL4 driversof zw3 in the embryonic ectoderm results in a disruption
of the segmental patterning of the ventral cuticle, producing available, none of which express GAL4 at very high levels
early in embryogenesis. Ectodermal expression of UAS-zw3a few ectopic denticles in the normally naked region of
the segment. This is similar to a wg mutant phenotype can rescue the zw3 mutant phenotype, con®rming that this
expression system does produce wild-type protein. We con-generated by removing Wg function late in embryogenesis,
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FIG. 5. Overexpression of zw3 and armS10 simultaneously results in expanded dpp expression and an aberrant second midgut constriction.
Dpp immunostaining in stage 13 (A) wild-type, (C) UAS-wg/24B-GAL4, (E) UAS-armS10; 24B-GAL4, and (G) UAS-armS10; UAS-zw310A12A/
24B-GAL4 embryos and stage 16 (B) wild-type, (D) UAS-wg/24B-GAL4, (F) UAS-armS10; 24B-GAL4, and (H) UAS-armS10; UAS-zw310A12A/
24B-GAL4 embryos. In embryos ectopically expressing wg, armS10, or armS10 and zw3 simultaneously, Dpp staining is greatly expanded
anteriorly and an abnormal second midgut constriction forms. This indicates that the expression of armS10 is epistatic to zw3 overexpression.
Embryos were reared at 297C. Embryos are oriented anterior to the left; A, C, E, and G are dorsal views; and B, D, F, and H are lateral
views with dorsal up. Arrowheads mark the second midgut constrictions and brackets mark the extent of Dpp immunostaining.
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clude from these results that zw3 overexpression blocks pression was acting through a Wg-independent pathway, we
might have expected an additive effect resulting from theendogenous Wg signaling.
To further investigate the ability of high levels of Zw3 coincident expression of zw3 and armS10. Instead, it appears
that expression of armS10 is epistatic to zw3 overexpression.to block Wg signaling we examined the effects of overex-
pression in the mesoderm. Wg signaling plays an important Since it has been established that the Wg signaling pathway,
including Wg, Dsh, Zw3, and Arm, is required for normalrole in the differentiation of the embryonic midgut and the
speci®cation of a unique cell type, the copper cells, in the midgut differentiation (Yu et al., 1996), we conclude that
zw3 overexpression overwhelms the normal mechanism oflarval midgut (Bienz, 1994; Hoppler and Bienz, 1995). It has
been demonstrated that the Wg signaling pathway, deter- Wg-dependent regulation of Zw3. We propose that a high
level of Zw3 escapes repression by the endogenous Wg sig-mined in patterning of the embryonic ectoderm, is also the
mechanism used for Wg signaling in the midgut (Yu et al., naling pathway and this results in elevated levels of active
Zw3 which can downregulate the level and activity of Arm.1996). We have demonstrated that overexpression of zw3 in
the mesoderm blocks the speci®cation of the Wg-dependent Our results are also consistent with the possibility that Wg
signaling acts in parallel to Zw3 activity, but with oppositecopper cells (Fig. 2B) and results in a reduction of labial
expression and the formation of the second midgut constric- effects, on the regulation of common downstream targets.
However, we favor the hypothesis that Wg signaling regu-tion (Fig. 3). The loss of larval copper cells in zw3-overex-
pressing larvae is most likely due to the reduction of labial lates Zw3 kinase activity because of the recent observation
that a protein kinase C may mediate Wg/Wnt-dependentexpression observed earlier in the embryo. We have only
examined labial expression in embryos and not followed it inactivation of GSK-3b kinase (Cook et al., 1996). This argu-
ment is further strengthened by the observation that lossinto the larval stages, but it is likely that labial expression
is further reduced as development proceeds in zw3-overex- of maternal zw3 is completely suppressed by the loss of
maternal arm, indicating that in the context of Wg signalingpressing larvae. The loss of copper cells is not linked to the
increase of large ¯at cells, indicating that this is not a result Arm is the only target of Zw3 (Peifer et al., 1994a).
Given the extensive homology between vertebrate GSK-of high levels of Wg repressing copper cell fate and ex-
panding ¯at cell fate but rather a loss of labial and/or wg 3b and Drosophila zw3 it is likely the mechanism of regula-
tion will also be highly conserved. Vertebrate GSK-3b andexpression. We have observed a reduction of labial expres-
sion and no change in wg expression due to zw3 overex- Drosophila zw3 encode very similar proteins (Bourouis et
al., 1990; Siegfried et al., 1990; Woodgett, 1990), and expres-pression in the mesoderm.
At ®rst it might seem surprising that by overexpressing sion of a rat cDNA encoding GSK-3b can rescue Drosophila
zw3 mutant embryos (Ruel et al., 1993a; Siegfried et al.,zw3, which is cell autonomous, in the mesoderm we are
affecting the differentiation of cells in the adjacent germ 1992). The role of GSK-3b in Wnt signaling has been con-
®rmed by injection of mRNAs encoding mutant and wild-layer, the endoderm. However, we have also shown that
zw3 overexpression downregulates the expression of two type forms of the protein into Xenopus embryos. Injection
of Wnt mRNA into the ventral half of an embryo inducestargets of Wg in the mesoderm, Ubx and dpp, which are
responsible for directing labial expression in the endoderm an ectopic dorsal axis (Smith and Harland, 1991; Sokol et
al., 1991). Similar results have been achieved with injection(see Fig. 2). Our results demonstrate that a high level of
Zw3 in the mesoderm results in fewer cells which express of a dominant negative form of GSK-3b which has been
mutated in the ATP binding domain to destroy kinase activ-Ubx and dpp (Fig. 4). We cannot determine if the diminished
dpp expression is due to the reduced Ubx or if this is an ity (Dominguez et al., 1995; He et al., 1995; Pierce and
Kimelman, 1995).effect of blocking the Wg signaling which directly regulates
dpp expression. High levels of Zw3 in the mesoderm result Recent evidence has thrown into question the role of
Wnts in the establishment of the endogenous dorsal±ven-in the reduction of dpp expression in the same tissue and
consequently a reduction in the level of labial expression tral axis. Expression of dominant negative forms of Wnt and
XDsh fails to alter the early determination of the dorsal±in the endoderm. zw3 overexpression in the mesoderm can
alter the differentiation of cells in that tissue directly and ventral axis (Hoppler et al., 1996; Sokol, 1996). However,
GSK-3b and b-catenin do appear to be required for endoge-indirectly in the endoderm of the midgut. The cells in these
tissues at the time of tissue induction are postmitotic; nous axis formation; depletion of maternal b-catenin or ex-
pression of wild-type GSK-3b mRNA in the dorsal blasto-therefore, zw3 overexpression blocks differentiation rather
than cell proliferation (Skaer, 1993). mere results in ventralization of the embryo (Dominguez
et al., 1995; He et al., 1995; Heasman et al., 1994; Pierce
and Kimelman, 1995). Furthermore, b-catenin has been seen
zw3 Overexpression Blocks the Endogenous Wg to be restricted to the future dorsal side of the Xenopus egg
Signaling Pathway prior to the expression of dorsal-speci®c genes (Miller and
Moon, 1996; Rowning et al., 1997). These results indicateExpression of a constitutively active form of Arm, armS10,
simultaneously with zw3 results in phenotypes that are that ectopic high levels of GSK-3b may block endogenous
interactions with b-catenin which are required for estab-identical to expression of armS10 alone. If zw3 overex-
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ber of the frizzled family from Drosophila functions as a Winglesslishing the dorsal±ventral axis. The role of Xenopus GSK-
receptor. Nature 382, 225±230.3 in dorsal±ventral axis formation is primarily an effect on
Bienz, M. (1994). Homeotic genes and positional signalling in thethe patterning of the developing mesoderm. Overexpression
Drosophila viscera. Trends Genet. 10, 22±26.of XGSK-3 in the presumptive ectoderm also has an effect
Bourouis, M., Moore, P., Ruel, L., Grau, Y., Heitzler, P., and Simp-on anteroposterior patterning of the tissue and it is not clear
son, P. (1990). An early embryonic product of the gene shaggy
if this is due to disruption in endogenous Wnt signaling in encodes a serine/threonine protein kinase related to the CDC28/
this tissue (Itoh et al., 1995; Pierce and Kimelman, 1996). cdc2/ subfamily. EMBO J. 9, 2877±2884.
We have proposed that high levels of Drosophila Zw3 Brand, A., and Perrimon, N. (1993). Targeted gene expression as a
block endogenous Wg signaling in both the ectoderm and means of altering cell fates and generating dominant phenotypes.
mesoderm. This disruption is due to the saturation of the Development 118, 401±415.
Brunner, E., Peter, O., Schweizer, L., and Basler, K. (1997). pangolincomponents that normally downregulate Zw3 kinase activ-
encodes a Lef-1 homologue that acts downstream of Armadilloity in response to Wg signaling. The mechanism of Wg-
to transduce the Wingless signal in Drosophila. Nature 385, 829±dependent Zw3 kinase regulation remains unclear; how-
833.ever, the identi®cation of this mechanism is essential for
Capovilla, M., Brandt, M., and Botas, J. (1994). Direct regulationthe complete understanding of Wg signaling and, by anal-
of decapentaplegic by Ultrabithorax and its role in Drosophilaogy, Wnt signaling in vertebrates. In addition to a possible
midgut morphogenesis. Cell 76, 461±475.
role for a protein kinase C in Wnt regulation of GSK-3b, Chou, T. B., and Perrimon, N. (1992). Use of a yeast site-speci®c
lithium inhibits GSK-3b kinase activity and lithium treat- recombinase to produce female germline chimeras in Drosophila.
ment in Xenopus results in axis duplication similar to Wnt Genetics 131, 643±653.
mRNA injection (Klein and Melton, 1996; Stambolic et al., Cook, D., Fry, M. J., Hughes, K., Sumathipala, R., Woodgett, J. R.,
1996). Genetic screens designed to identify second-site and Dale, T. C. (1996). Wingless inactivates glycogen synthase
kinase-3 via an intracellular signalling pathway which involvesdominant enhancers or suppressers of the phenotypes re-
a protein kinase C. EMBO J. 15, 4526±4536.sulting from zw3 overexpression have the potential to iden-
Cui, Y., Brown, J. D., Moon, R. T., and Christian, J. L. (1995). Xwnt-tify proteins which modulate Zw3 kinase activity and func-
8b: A maternally expressed Xenopus Wnt gene with a potentialtion in the Wg/Wnt signaling pathways.
role in establishing the dorsoventral axis. Development 121,
2177±2186.
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